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These experiments examine the role of conformation, 
hydrophobicity, and steric constraints in the function 
of the prokaryotic signal peptide cleavage region. The 
experimental strategy involves replacement of the wild 
type Escherichia coli alkaline phosphatase signal pep- 
tide cleavatre region with a series of idealized model 
sequences designed to epitomize the particular struc- 
tural and physical variables under study. By analyzing 
model sequences whose conformations have been de- 
termined by physical studies, we have demonstrated 
that efficient transport does not depend on the struc- 
tural preference of the cleavage region. Although pre- 
vious studies based on Chou-Fasman analysis have sug- 
gested that the cleavage region forms a £-turn which 
is required for transport, our results demonstrate that 
either a tf-turn- or cr-helix-fostering sequence in the 
cleavage region functions indistinguishably from wild 
type. Furthermore, the presence of a proline residue 
between the core and cleavage region, although com- 
mon in natural sequences, is not essential for export. 
Cleavage regions of varying hydrophobicities can sup- 
port translocation across the inner membrane, but the 
placement of bulky residues at positions -1 and -3 
upstream of the cleavage site abolishes processing and 
transport to the periplasm. By reducing the signal 
peptide to simplified, idealized segments, this study has 
■ identified a largelv polymeric sequence, MKQST(L l0 )- 
(A«), that functions equivalently to the wild type al- 
kaline phosphatase signal peptide. This work starts to 
provide a basts for the design of a universal prokar- 
yotic signal peptide that incorporates all the critical 
physical and structural characteristics required for 

transport function. 



Prokaryotic proteins destined for transport out of the cy- 
toplasm typically contain an amino-terminal extension called 
the leader or signal peptide which is required for export. 
Despite their common purpose in mediating protein transport, 
signal peptides have very little amino acid sequence homology, 
although thev do share some general features. Typically 15- 
30 amino acids long, signal peptides can be divided into three 
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characteristic segments: a 5-8- residue positively 
amino-terminal region, an 3-12*residue central hydr 
core, and a more polar 5-7-residue carboxyl-terminal v 
region which is involved in specific recognition b> 
peptidase (von Heijne, 1985a). Because of their lack . 
mon sequence information, signal peptides are tho 
mediate transport based on structural and physical pr 
such as charge' balance (von Heijne, 1986a), hydrop: 
(Chou and Kendall, 1990), and conformation (Bri. 
Gierasch, 1986) rather than strict sequence specificity 
In this paper we explore the physical and conforr 
characteristics governing the function of one key do : 
the signal peptide, the cleavage region. This region is 
among signal peptide subsegments in its involveme 
specific enzyme-substrate interaction with signal pep- 
the inner membrane protease responsible for removai 
lipoprotein signals during transport (Zwizinski and V» 
1980). Such a defined interaction may impose speci. 
on cleavage region sequence characteristics, confor 
and polarity. Examination of natural presequences 
strates that the cleavage region is the portion of th 
peptide that varies least in amino acid composition an 
from protein to protein (von Heijne, 1985a). In pi 
statistical analysis of wild type sequences has sho 
residues with small neutral side chains such as Ala, • 
and Thr at positions -1 and -3 preceding the clea* 
with Ala being by far the most favored (von Heijne 
This sequence pattern has been suggested to form 
for substrate recognition by signal peptidase and ha? 
be known as the - -3, -1 rule" (von Heijne, 1984). 

In addition to amino acid composition, the conforr 
the cleavage region has also been implicated in its . 
Several models of prokaryotic protein transport i 
least the transient formation of a turn or loop structr 
signal peptide insertion and/or cleavage (von H* 
Blomberg, 1979; Wickner. 1980; Inouye and Halegc 
Engelman and Steitz, 1981; Briggs and Gierasch, W 
been proposed that the cleavage region may form 
which facilitates insertion and may be requirea for re 
and cleavage by signal peptidase (Rosenblatt et . 
Perlman and Halvorson. 1983). A number ofhneso. 
tend circumstantial support to this notion. Sequen 
of prokarvotic signal peptides reveals that they oiu 
a proline or another turn-promoting residue le... - 
at the core-cleavage region boundary (von Heyne. 
residue is frequently found in J-turn. w ; 
<Chou and Fasman, 1978). Application of 
predictive schemes to known signal fences oft 
alwavs. predicts a tf-turn in the cleavage region P • 
Halvorson. 1983). In addition, mutational .tud.es 
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FlG. 1. Amino acid sequences and 
design features of cleavage region 
models. The sequence of the amino- 
terminal region is shown in plain tvpe, ti»*rc&t 
the core region in italics, the cleavage 
region in boldface, and the mature pro- 
tein in plain ope. 'Mutants are named 
systematically, with the letters following 
the h designating the derivation of the 
core region, and those following the c 
indicating the salient features of the 
model cleavage region. The conforma- 
tional design, hydrophobicity, and other hLcA0 . 3 
distinguishing characteristics of each 
mutant are tabulated to the right of its hLeo 
sequence. 



hWTcAPQ 

ntcApo 

hlcAQ.I 
HLcAO.2 



Amino Aclfl 5tQuem:i 
Pqfff Clifl. 

MKOST/AUUPUfTPVTKA ATP.. 

MKOSTMCAU/'llfYPYSVFA fl T P„ 

MKOSTMt^UPltfAPOAO* ATP... 

MKOSTUUUUllAPQAOA ATP., 

MICOSTUtUltULAAQAOA RT P.. 

MKOSTUtLUttUAAAOAO RT P.„ 

UKOSTtUltUUUAQOAA RTP_. 

MKOSTCtUUULLOOOOOO RT P.. 

MKOSTLLlULiUtAAAAAA RT P.. 

MKOSrttUttUtlLLLLLLL RT P.„ 
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gested that the efficiency of precursor processing declines as 
the cleavage region decreases in tf-turn probability by Chou- 
Fasman parameters (Vlasuk et at., 1984). 

In addition to these conformational considerations, the 
hydropathy of the cleavage region may be functionally impor- 
tant as well. Examination of natural sequences reveals that 
this region is more hydrophilic than the apolar core that 
precedes it, but only rarely contains charged residues (von 
Heijne, 1986b). During translocation, the cleavage region 
must traverse the interior of the membrane in contact either 
with the lipid bilayer or with protein(s) residing in it. How- 
ever, it also has to associate with the signal peptidase active 
site which faces the aqueous periplasmic compartment (Zim- 
mermann et ai, 1982). These different environments may 
each impose their own restrictions on cleavage region polarity. 

The purpose of this paper is to define the critical physical 
and structural characteristics of a functional prokaryotic sig- 
nal peptide cleavage region. To do this, a series of mutants 
was constructed using cassette mutagenesis to replace the 
native Escherichia coli alkaline phosphatase signal peptide 
cleavage region with a series of idealized nonnatural model 
sequences meant to epitomize the particular variables under 
study. These mutants were designed to evaluate in a system- 
atic way the functional limits of conformation and hydropho- 
bicity in the cleavage region, as well as to test the validity of 
.the -3, -1 rule and the importance of proline. Fig. 1 shows 
the amino acid sequences and design features of ail the 
cleavage region mutants. The conformational models incor- 
porate sequences whose structures have already been deter- 
mined by physical studies. The fl-turn model derives from an 
NMR study of turn-forming peptides from Wright and col- 
leagues (Dyson et ai. 1988), and the model helical sequences 
were obtained from circular dichroism studies of amino acid 
homo- and copolymers (Krull et ai. 1965; Auer and Doty, 
1966a, 1966b; Ferretti and Paolillo, 1969). 

Based on this approach, we have found that a ootential 
turn structure in the cleavage region is not required for 
translocation, processing, and export. Either an «-helix- or 
turn-fostering sequence in the cleavage region can function 
with an efficiency indistinguishable from wild type, irrespec- 
tive of the presence of a proline residue. A relatively broad 
range of hydrophobicities can support the membrane trans- 
location step of export. However, subsequent processing and 
release mto the periplasmic space requires compliance with 
the -3. -1 rule. By reducing the signal peptide to simplified 
idealized segments that still retain virtual wild type transport 



effectiveness, these studies start to provide a basis for the 
design of a universal idealized signal peptide that incorporates 
all the critical physical and structural characteristics required 
for transport function. 

MATERIALS AND METHODS 
Bacterial Strains and Media 

The strain used in these studies is E. coli AWlCMo iliac sail' tialK 
-Mleu-ara» phoA-Elo proC::Tnol. This strain contains a " partlallv 
deleted alkaline phosphatase gene and a wild type ohoR reiruiatorv 
gene (Inouye et ai. 1931: Ghosh et ai, 19S6). For site-directed muta- 
genesis, the male derivative AWl043F'Tet iliac gaiV gaiK Alleu- 
arai phoA-Elo proC::Tno F'Tet) was used. 

Bacteria were propagated in LB medium or plates containing 50 
Mg/ml kanamycin and 250 /ig/ml ampicillin uManiatis et ai. 1962). 
For transport studies, cells were cultured in MOPS' medium iNeid- 
hardt and Bloch. 1974) with antibiotics as above, under low phosphate 
conditions (100 ^M) or zero phosphate to induce alkaline phosphatase 
expression. 

Construction of Cassette Mutagenesis Vectors 

WT-XN—WT-XN is a modified form of WT CA5S3. WT CASS3 
contains^ the alkaline phosphatase structural gene phoA in which 
unique Sail and B.wHII sites bracket the core coding region (Kendall 
and Kaiser, 19S8). WT-XN contains two additional novel and unique 
restriction sites. Xhol and Nhel at codons 6-9 and 23-24 of mature 
alkaline phosphatase, respectively (Fig. *2). The Xhol site maintains 
the wild type codons for leucine and glutamic acid at this position; 
the Nhel site changes the wild type arginine codon at position 24 to 
a serine. The WT-XN cassette vector was constructed by site-directed 
mutagenesis essentially as described (Kendall and Kaiser. 1965: But- 
ler-Ransohoff et ai. 19881. Creation of the new Nhel and Xhol sites 
was verified by restriction analysis using these enzymes iManiatis *r£ 
ai. 1982) as well as by direct DNA sequencing (Sanger et ai. 19771. 
Expression levels and transport properties of WT-XN were indistin- 
guishable from WT CASS3. 

10L-XN— The 10L-XN cassette vector was created by removal of 
the wild type Satl/BssHU o2-mer from WT-XN followed by LCT 
isolation of the remaining large vector. A new S2-mer was obtained 
by Satl/3sxHU digestion of a WT CASS3 derivative containing a 
core region composed of 10 leucines including j Upal site in the linal 
leucine codon iChou and Kendall. 1990). Alt"' separation by 8^ 
PAGE and stainin- with ethidium bromide, the P ..lyleucine-eneodin« 
52-mer was purified and ligated to the host WT *X cassette vector 
essentially as described in Kendall and Kaiser < i:'^'- 

' The abbreviations used are: MOPS. 4.morplw-^°P r °P ancsuIfonic 
jcid: CHAPS. 3-[(3-cholamidopropvMdimechyl ; in^ on,0 J- l - P ™P ane * 
sulfonate: PAGE, poivacrvlamide <el electrnplw< sis: ^J^* soaiUm 
dodecyi sulfate: BCIP. o-bromo-4-chIoro-:).indo(v ' phosphate. 
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*CI io»mw -«k t /f ci» Wr Tar r:« >i* l*« a(« t*« l*« *ra ;« w .'ft* Tax m i T * ai* Ars TW...L** ^ r,. 

Cass - rrc aaa ac act ait cca crc cca err tta ccc ita vrrc rrr *cc cc? crc aca aa* cc; z;c aca. ..err. cjg.!! or: yr 

l T i iU> S«r T»r :i« *t* L*« Hi i»« i*« It* rye »r» Tyr frar »al rk« Al* An Tar. . . 

* CTC AAA CAC 2X ACT AT? CCA CTC CJA CX ~ A CCC 7TA CTC 7TT TAT CCS TAC ACC CTC TTC CCS EC AC*. 

iMTc**0 *_r* -1» Sat T»r :i« Al* Urn Ai* U» i«» fro Ug i*« M* Al* rr*> CI* Ala da Al* A^, Tltf... 

• CTC AAA CAC rS ACT ATT CCA CTC CCA CTC TTA CCS "A CTC ITT CCT CCC CAC CCA CAA SOC QIC ACA„ . 

*tXA*0 ,<«t CI* S*r The t*v >v i»* i*tf L*m i*v («« l*w l«* li* CI* Al* CI* AX* Ar-j Tit 

* ctc AAA cac s act crc err ctc ere .rrc rrc ere .ta crc rr* *-rr ccc cac cca cm cog. ec aca.. . 

ICAQ.1 !»xt !»•■ W» I*r Htf L#« i#« £*•» i*>» 1<H» £*« L»<t Urn L*w vi« Al* CI* Ala CI* Ala Ley Thr. . . 

* TC AAA OC SB ACT CTC CTT CTC CTC CTC TTC TTC TTA CTC TTA iTT CCA CAC CCT CAA CCC S2Z AO... 

MCAO.2 >«t IfS Cla 5*r Thr («• law C«w L*a C*« L*» Wv L«u t«« i*» Ala Ala Ala CI* Ala CI* Ar* Tfcr . . . 

♦ <7X -**A CAC r= ACT CTC CTT CTC CTC CTC rTC CTC TTA CTC .^CCrCCACCTCACCCTCJU. CC ACA. . . 

MtxAOJ Mt >t CLn *tr Tar L«« L*« 1«« t*« 1«« U« U« U* Uu U«i Ala Al* Si* CI* Al* Ki» ixv TW... 

-cxAAAOcric^rT cx ctt rrt;cTcrTc rrc ctc it* ctc rrcccrc^AO^CAACc-rMc sc aca.. . 



KlcO *«t -r» CLa Vtr Thr L*« lau £•« Law t*« Uit U« L*<t CI* CU CI* CI* CU CI* Arq Thr... 

♦ CTC AAA CSC ACT CTC CTT CTC CTC JTC TTC CTC TTA CTC TTC CAC CAA. CAC CAC CAC CAA. XI ACA. . . 



M.CA Lr» CI* S*t Tar t«W t*w i*M l«w Lev Utt tto t»u Ala Ala Ala Ala 11* Ala Art Tar... 

♦ CTC AAA CAS HZ? ACT CTC CTT CTC CTC CTT TTC CTC TTA CTC TTA CCT CCC SCC CCT CCT CCC Q=C ACA... 



fttcl Nt Lvt Cln Set Tnr !•« («« t«t> L*u X*u lav >w f«u Uu Uv Lm* Law l^g Laa U« U> Arq Tar... 

- CTC AAA Ou ACT CTC CTT CTC CTC CTC TTC CTC TTA CTJ iTC CTC C?C CTT CTC TTC CTC CCC ACA... 

FlC. 2. Amino acid and DNA sequences of cleavage region mutants along with WT Xho-Nhe CASS. 
WT Xho-Nhe CASS contains unique Sail. BssHU. Xhol t and .V/iel sites which were introduced into the wild tvoe 
alkaline phosphatase structural gene as described under "Materials and Methods." Residues at these restriction 
skes thai "differ irom wi id "type are underlined. Ail results pertaining to ~wiid type 1 " in this paper refer to WT AVio- 
Nhe CASS. The amino acid and nucleotide sequences of the amino-termina! region are shown in plain type, the 
core region in italics, the cleavage region in boldface, and the mature protein in plain type. For clarity, only the -r 
strand of the DNA sequence has been shown. Amino acids are numbered by counting forward from the first residue 

of the mature protein (■*-!. +2 ) an*; back into the signal peptide from the first residue upstream of the putative 

cleavage site (-1, -2, . . .). 



Construction of Cleavage Region Mutants by Cassette Mutagenesis 

Mutants hlVTcdt and hWTcAPQ were constructed by cassette 
mutagenesis using the Safl and BssHII sites of the WT-XN vector as 
described (Kendall and Kaiser, 198S). All other cleavage region 
models were constructed using the 10L-XN cassette vector following 
the strategy of Chou and Kendall U990). Each mutant construct was 
used to transform £. coli strain AW 1043. The DNA and amino acid 
sequences of the resultant constructs are shown in Fig. 2. Plasmid 
DNA from the ampicillin- resistant trans for ma nts was prepared, and 
the mutant sequences were verified by restriction analysis and direct 
DNA sequencing (Sanger er at. 1977). 

Transport Studies 

' Periplasmic Lysoryme-EDTA Cell Fractionation— E. coli cultures 
harboring mutant plasmids were grown at 37 "C in MOPS containing 
100 hm phosphate, 50 Mg/ml kanamycin, and 250 wg/mi ampicillin. 
Cells were harvested in the logarithmic phase of growth, washed, and 
resuspended in MOPS with zero phosphate supplemented with amino 
acids at 2 ^g/ml minus methionine. After resuspension. cells were 
further diluted 1:10 in this same medium prior to -abeling with -t2 
*iCi of [^Slmethionine for 90 s. For whole-cell samples, labeling was 
stopped by addition to an equal volume of ice-cold 10% trichloroacetic 
acid. Precipitates were washed twice in cold acetone and air-dried. 
Protein was resolubilized by boiling for 3 min in 10 mM Tris. pH $, 
1% SDS, 1 mM EDTA and then diluted by addition of 50 mM Tris. 
pH 8. 150 mM NaCI. 0. 1 mM EDTA. 2% Triton X- 100. For periplasmic 
samples, incorporation of label was stopped by rapid cooling on ice. 
Aliquots of labeled cultures were then washed in 30 mM Tris. pH 3. 
and resuspended in 0.5 M sucrose. 30 mM Tris. pH 3, containing I 
mM EDTA and 20 ug/ml freshly dissolved lysozyme. After incubation 
at room temperature for 20 min. samples were centrifuged. and the 
supernatants containing the periplasmic fraction were passed through 
a 0.22 -urn filter prior to dilution with 50 mM Tris. pH 3. 150 mM 
NaCI. 1% Triton X-100. 0.1 mM EDTA. Whole cell and periplasmic 
samples were then subjected to immunoprecipiiation using 2.5-5 u\ 
of rabbit anti-alkaline phosphatase antiserum tKendail and Kaiser. 
19S8) essentially according to the method of Ito tt ai. 1 193U. 

Puise-Chase Analysis — Bacteria were subcultured. washed, and 
resuspended as described above. In certain cases ceils were further 
diluted 1:10 prior to labeling as outlined in the periplasmic ceil 
fractionation protocol. Cells were labeled with 42 uCi of ( ' v S|methi- 
onine for 40 s at .'17 *C and then chased with •; .ug/ml nonradioactive 
methionine for 30 s. 1. 5. and 15 min. The chase was terminated by 
addition of an equal volume of ice-cold lO^o trichloroacetic acid. The 



resultant precipitates were washed with cold acetone, dried. - 
in :n.\i Tris. pH S, 1% SDS. 1 mM EDTA. Resoiubilized pr 
w?re then diluted in 50 mM Tris. pH 3. 150 mM NaCI. 2^c 
*.:,".». 0.1 mM EDTA prior to immunoprecipitation using a r? 
jikaiine phosphatase antiserum as described above. 

Protease protection Experiments— This protocol foi 
method of Li er ai H9S81 as modified by Chou and Kend; 
Cells were prepared and diluted 1:10 as described in the 
EDTA cell fractionation protocol above. In addition to the 
and periplasmic samples. 2 additional aliquots of cells 1 
treated with lysozyme and EDTA. After 20 min, proteina 
then added to a concentration of 25 ng/ml in the presence 
0.2% CHAPS (Boehringer Mannheim) or an equal volume 
After incubation for 20 rain on ice and then 15 min at roon 
ature. ice-cold trichloroacetic acid was added to a final cone 
of 10%. Trichloroacetic acid precipitates were then process* 
as in the pulse-chase protocol above. 

SDS -PAGE and Autoradiography — Immunoprecipitatet 
phosphatase was run on Laemmli SDS-PACE iLaemmli. 
subjected to autoradiography as described (Kendall and Kai: 

BCIP Plate Assays— Mutants were plated on MOPS aga; 
ing 40 ug/ml 5-bromo-4-chtoro-3-indolyl phosphate (BCI: 
under low phosphate conditions (100 KH 2 POi) to indue 
phosphatase expression. The colored reaction product from i 
of 3C1P confers a blue color to colonies containing alkaline 
tase activity. As a negative control, cells are also platet 
containing high phosphate levels U0 mM KH*PO,) to repre? 
phosphatase activity. All colonies are pale under these c 
demonstrating that the blue color observed in these assa* 
essentially from :he action of alkaline phosphatase. 

Amino-ierminat Radiosequencing by Automated Edman 
tion — Alkaline phosphatase from the signal peptide mui 
radiolabeled and isolated for Edman degradation (Edman . 
19671 essentially js in Kendall and Kaiser (1988) excel 
following variations. In hLcL. hLcQ, and hLcAQ.3 incor? 
iabei was quenched by addition of an equal volume of 100 
roacetic acid :o ensure that the amino-terminal methion. 
aikaiine phosphatase precursor was deformylated. After '. 
and :>0 min at room temperature, protein was precipitated . 
iO'o trichloroacetic acid. Precipitates were acetone-wasr 
und resolubiiized as in the pulse-chase protocol above pri> 
PACE and transfer :o Immobiion i.Milliporel (Matsudair: 
described in Kendail and Kaiser • 19SS). In the case of mu- 
the amino-ierrr.inai sequence was determined by high p«r 
liquid chromatography identification of phenylthiohydant- 



tives obtained by automated Edman degradation. Alt sequencing was 
performed on an Applied Biosystems gas phase sequencer (Model 
4,0) or pulsed-liquid sequencer (Model 477) at The Rockefeller Uni- 
versity Protein Sequencing Facility. 

RESULTS 

Design of Cleavage Region Models-Fig, 1 shows the amino 
add sequences and design characteristics of all the model 
cleavage regions tested in this study. Several general princi- 
ples were used in the design of these mutants. Unless specif- 
ically intended otherwise, residues chosen at each position 
conformed to "permitted" residues as judged bv the statistical 
analysis of von Heijne for prokaryotic signal peptides (von 
Heijne, 1986b). The positioning of proline when present, as 
well as the length of the model cleavage regions, also con- 
formed to the limits of variation found in natural sequences. 

To generate the different conformational models in this 
study, complementary strategies were used. Unlike previous 
approaches which have inferred conformation based on Chou- 
Fasman analysis (Vlasuk eC aL 1984; Duffaud and Inouve 
19S8; Nothwehr and Gordon, 1989; Yamamoto et aL. 1989/ 
we have used sequences whose conformations have alreadv* 
been determined by direct physical studies. The 0-turn model 
incorporates a sequence derived from an NMR study on 
reverse turn-forming peptides from Wright and coworkers 
(Dyson et aL, 1988). Because short peptides usually do not 
torm stable, identifiable secondary structures under aqueous 
conditions, it is difficult to find conformational^ character- 
ized sequences for modeling 3-turn structures. Of the turn- 
iormmg peptides which have been identified previously, manv 

^o^u " amin ° adds ° r covalent cross-links (Rose et aL 
198o). Wright's study is unusual in identifying a familv of 
short synthetic peptides composed of natural amino acids that 
form significant .J-turn structure in aqueous solution The 
sequence chosen for our work, YPYSV, was the one candidate 
from this study that showed the strongest turn character 
while still conrorming as closely as possible to "permitted" 
residues for positions -7 through -3 of a prokarvotic cleavage 
region After the proposed turn-forming sequence, two amino 
acids (Phe at -2 and Ala at -1) were added to generate a 
cleavage site predicted to be acceptable to signal peptidase 
(von Heijne, 1984; Kuhn and Wickner, 1985). " 

The putative a-helical sequences were designed according 
to the principles of Kaiser and Kezdy (1983) in which simple 
fled peptiae models are constructed using a minimum com- 
plement of amino acids but maintaining the desired hvdro- 
pnobicity patterns and expected conformation. In this'wav 
idealized structures can be made that epitomize the essential 
physical properties of the wild type peptides vet minimize 
homology with natural sequences. Our models were designed 
to vary in hydrophobicity yet retain the same conformational 
preference. Only leucine, alanine, and glutamine were used to 
compose these sequences. These residues were chosen because 
they differ significantly in polarity, yet all displav a preference 
or or-hehx formation by circular dichroism measurements 
(Krul let «j .1965; Auer and Doty, 1966a, 1966b; Ferretti and 
PaohUo. 1969). Leucine, alanine, and glutamine reoresent the 
widest extremes of polarity combined with the strongest hel- 
ical potential among residues that are naturallv found at most 
positions m wild type cleavage regions (von Heijne, 1986b) 

on rlVT ?°u SSibIe impaCt 0f ™S*boring amino acids 

on the structure of the model cleavage regions, we varied their 
ammo acid context by placing them next to two differen 
hydrophobe cores: first, the wild type alkaline phosphatase 
core region and second, an idealized polvmeric 10-leucine 
core designed to optimize formation of a hydrophobic a-he ix 
A polyleucine core has been shown previously to perform 
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extremely efficiently in processing and transport (Kendall et 
aL, 1986). By placing this core region upstream from model 
sequences with a high propensity to form regular a-helical 
structures, a helical conformation should be stabilized and 
propagated from the core region through the cleavage site. 

In addition to evaluating the importance of hydrophobicity 
and conformation, model sequences were aiso designed to test 
the role of specific amino acids in the function of the cleavage 
region. In particular, a proline residue is commonly found 
near the beginning of prokaryotic cleavage regions (von 
Heijne, 1986b). The experiments presented here endeavor to 
test whether proline is an essential component of prokaryotic 
cleavage regions by evaluating its functional importance when 
placed w,thin simplified, idealized model sequences. In the 
actual desigm of the proline-containing sequences the Pro 
residue was placed at position -5 where it occurs most com- 
monly m natural prokaryotic signal peptides. When an amino 
acid was needed to replace proline in a specific model, alanine 
was chosen because of its small size, neutrality, modest hy- 
drophobicity, and common occurrence at all positions in nat- 
ural cleavage regions (von Heijne, 19S6b). 

In addition to analyzing the importance of proline, these 
models also incorporate a direct test of the -3, -1 rule which 
states that smail. neutral residues are required at these posi- 
tions for recognition and cieavase bv signal peptidase (von 
Heijne. 1984). This was done by selectively violating or main- 
taining the pattern of -permitted" residues at these two po- 
sitions while keeping the amino acid comoosition of the model 
cleavage regions the same. 

Transport Studies— All the mutants in this studv were 
constructed by cassette mutagenesis using the -IVT-XN cas- 
sette vector as described under "Materials and Methods." The 
cleavage region models were first tested for overall function 
by evaluating their ability to promote the final stage of 
transport, namely delivery of mature alkaline phosphatase 
into the penplasmic space. This was done bv analyzing the 
penplasmic contents of E. coli released bv lysozyme-EDTA 
cell fractionation. As shown in Fig. 3, most of the cleavage 
region mutants were competent to export alkaline phospha- 
tase to the periplasm. Remarkably, mutants incorporating 
either the model ^-turn sequence (Dyson et a/., 1988) or the 
helix-fostering polyalanine sequence supported transport of 



A' 



> a 5 



MO. Lysozyme-EDTA cell fractionation of cleavage re- 
gion mutants Ceil iractionation was performed as described under 
Materials and _ Methods.' An arrowhead marks the position of the 
mature :orm ot atkal.ne phosphatase in *hoie cell < WO and peri- 
plasm ic • pe n) t raciio ns in mutants hlVTcAPQ. hLcAPQ. hLcAQ.l. 
et n N * an * hVm '' 1 - legend to Fi*. I :or discussion of 

elec.ropnoreuc mob.i.t.es oi mutants hLcL. h LcQ ,nd hUAQ.3. 
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the mature enzyme. The only export-incompetent mutants 
were: hLcL. the polyieucine cleavage region, hLcQ, the poty- 
glutamine cleavage region, and hLcAQ.3, the AAQQAA cleav- 
age region. Within the limits of detection of this experiment, 
these three mutants generate no alkaline phosphatase in the 
periplasmic fraction. 

Because release of exported proteins into the periplasm 
usually depends on cleavage of the signal peptide (Koshland 
et ai. 1982), pulse -chase analysis was used to test the effi- 
ciency of precursor processing in these mutants. As demon- 
strated in Fig. 4. most of the mutants were processed rapidly, 
with only mature alkaline phosphatase evident even at the 
earliest time point. This result corroborates the cell fraction- 
ation experiments {Fig. 3) which also demonstrated only 
mature periplasmic enzyme from most mutants after 90 s of 
labeling. However, pulse-chase analysis coupled with amino- 
terminal radiosequencing to verify identifications (see below, 
Fig. 5) reveals that the same mutants which were unable to 
be transported to the periplasm (hLcL, hLcQ, and hLcAQ.3) 
also failed to be processed. Since these mutants did not show 
both precursor and mature forms at any point during the 
chase, and because electrophoretic mobility changes due to 
certain types of mutations have been observed previously 
(Kendall et ai, 1986 and references cited within), the amino- 
terminal sequencing analysis was necessary to confirm that 
the bands observed did indeed correspond to the precursor 
form of the enzyme. Sequencing analysis did confirm, for 
example, that mutant hLcAQ.3 was present only in the pre- 
cursor form although it migrated faster than the wild type. 
Collectively, these results demonstrate close coupling between 
signal peptide removal and release of the mature form in all 
the cleavage region mutants. Signal peptides are cleaved either 
rapidly or not at all, and only the former case results in 
periplasmic localization. 

To confirm the processing behavior of these mutants and 
to verify the exact site of cleavage when it occurred, we 
performed amino-terminal radiosequencing of mutants hLcL, 
hLcQ, hLcAQ.2, hLcAQ.3. and hLcA. Fig. 5 shows the results 
obtained from scintillation counting of phenylthiohydantoin 
derivatives from the first four of these mutants. Radiose- 



vr t v <5* xr r y is' so" t s is' so* r * ts* vo* f v a »' t %• :s* 



MiffMtt»fl«9' l fM«H 



$• i s' ycr t v tS" >o* f s* is* so* c y ty io* y 

Fig. 4. Pulse-chase analysis of cleavage region mutants. 
Pulse-chase experiments were performed as described under "Mate- 
rials and Methods." Chase times are indicated above each lane. 
Arrowheads mark the positions ot precursor to) and mature <6> forms 
oi alkaline phosphatase for mutants h WTcAPQ, hLcAPQ, hLcAQ.l. 
hLcA. WT-XN. and hWTcrft. Amino-terminal sequencing of mutants 
in the lower panel verified that hLcU hLcQ, and hLcAQ.3 remain 
uncleaved precursors, whereas hLcAQ.2 is processed I Fie. 3i. The 
laster-ihan-expected migration of the three unprocessed mutants 
compared with the wild type alkaline phosphatase precursor [top 
panel, WT-XN iai) may reilect differences in 5DS binding due to 
•.heir greater hydrophobiciiy arising from the polyieucine core. Similar 
changes of electrophoretic mobility in mutant precursors have been 
observed in other svsiems (Vtasuk fr at.. I98«l: Kendall et a/.. 19861. 



quencing data from mutants hLcL and hLcQ are con 
with their identification as uncleaved precursors (Fi 
and B). The next group of mutants, AQ.l, AQ.2, ant. 
was designed to vary the pattern of amino acids at -3 
to assess the importance of residues at these posttic 
cleavage efficiency and specificity. Each has the same 
acid composition and differs only in residue order, 
which contains a classically permitted Ala- X- Ala coi. 
tion, is efficiently cleaved and transported (Figs. 3 anci 
contrast. AQ.2 contains forbidden glutamines at -1 a 
but has permitted alanine residues one position remo- 
-2 and -4. This mutant is also processed efficient! 
NH,-terminal sequencing demonstrates cleavage a 
shifted site: processing now occurs between the last ; 
and glutamine instead of at the usual wild type cleavag; 
just before the arginine (Fig. 5C). Finally, mutant AQ.3 
differs only by the position of one glutamine) was desi: 
offer no combination of permitted residues at any |i 
within the cleavage region. As expected, amino-termi 
quencing shows that this mutant indeed fails to be c 
(Fig. oD). By testing sequences of identical amino aci 



experiments confirm that it is the steric characters 
potential -3 and -1 residues that constrain the ch 
cleavage site. These findings are in good agreement 
recently published study (Fikes et ai, 1990) analyz: 
effects of multiple amino acid substitutions at -3 and 
processing of the signal peptide of maltose-binding pr<. 

Our results demonstrate that signal peptidase ha? 
flexibility in its choice of cleavage point, and that w: 
certain window, it can make use of alternate sites con* 
acceptable —3, —1 residues if the usual site has been re 
•.insuitable. However, there is a limit to this flexibi 
demonstrated by the processing behavior of the poly; 
cleavage region mutant. Given that alanine is the most i 
residue at -3 and -1, a six-alanine cleavage region 
several potential targets for signal peptidase. However, 
terminal sequencing of this mutant demonstrates t; 
material which is successfully processed and transpo. 
the periplasm is ail cleaved uniquely at the canonic 
(Table I). Although von Heijne (1984) has suggested t 
sequence of the cleavage region and early mature poi 
transported proteins has evolved to avoid the poten 
ambiguous processing, our results experimentally ver; 
other factors must also contribute to the mainten; 
cleavage specificity. On a statistical basis, distance fr 
end of the core region has been proposed as another i 
determinant of cleavage site ivon Heijne, 1984), and th 
account for the surprising fidelity of the cleavage even 
polyalanine mutant. 

The data presented above demonstrated that n 
hLcL, hLcQ, and hLcAQ.3 were incompetent to proc 
export alkaline phosphatase. Therefore, we wished u 
mine more precisely at what step in the transport p 
they were impaired. Sodium hydroxide cell fractit 
(Russel and Model. 1982) indicated that these mutan 
capable of association with :he membrane (data not . 
suggesting rhat they might at least be able to partic 
the early stages of transport. Therefore, protease pr< 
experiments were used to assess the ability of these i 
to translocate alkaline phosphatase across the inne 
brane following membrane insertion. This approac 
advantage of the fact that alkaline phosphatase, upo 
location to the periplasmic face of the inner membrai 
extremely tightly and is strongly resistant to proteo. 
*f ai. 19SSK However, untranslocated alkaline pho^ 
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FlC. 5. Radiosequencing of cleavage region mutants hLcL. hLct}. hLcAQ.2. and hLcAQ 3 Cells 
beanng mutant plasrn.ds were labeled with (^methionine, and their alkaline phosphatase was isolated and 
S™f " ^".beo under "Materials and Methods." The bar srap h represents the radioactivitv determined for 
IhnJ Zll u T d ^f° at , lon ; The " atural amin ° "id sequence correlating with the experimental results is 
shown below the plot. A, hUL: the peak of radioactivity at cycle 1 corresponds to the sequence of unprocessed 
%£Z£S*H?" ? reC T° r - B - "V eak 0f "^activity at cycle 1 corresponds to the sequence of 

s Z^. of n ? ?«<«P"atase precursor. C. hUAQ.2: the peak of radioactivity at cycle 6 corresponds to the 
sequence of alkahne phosphatase cleaved just after the -permitted" combination of alanines at ~t and -•> result™ 
n w^n? " sldue , al , the J m " ure amin0 terminus. A corer marks the point of cleavage bv sienal 
^SZ^'it^of. P " k ° f rad,0aCtivity at c ^ le 1 corresponds to the sequence of unprocessed "alkaline 



Table I 

Amino-terminal sequencing of mutant HLcA 
The sequence shown derives from high pressure liquid chromatog- 
raphy identification of phenylthiohydanioin derivatives obtained bv 
automated Edman degradation of periplasmic alkaline phosphatase". 
This material was isolated from radiolabeled cells by lysozyme -EDTA 
cell fractionation, immunoprecipitation. SDS-PAGE." and transfer to 
Immobilon as described under "Materials and Methods." An addi- 
tional minor component was also identified containing the identical 
sequence minus the amino-terminal arginine. This species constituted 
less than 20% of the material analysed per cycle and corresponds to 
an tsozymic variant of alkaline phosphatase.* The prevalence of this 
isozyme varies according to growth conditions and is known to be 
generated by post-processing removal of the first arginine of the 
mature sequence by the arginine -specific protease iap (Laforet et at.. 
1989). These amino-terminal sequencing results indicate the signal" 
peptide cleavage event in mutant hLcA occurred exclusively at the 
canonical wild type site; no processing occurred upstream at other 



Cycle 


Major residue 


1 


Arg 


2 


Thr 


3 


Pro 


4 


Clu 


5 


Met 


6 


Pro 




Val 


3 


Leu 


9 


Clu 


10 


Asn 



thac is still in the cytoplasm cannot fold properly (Boyd et 
aL, 1987) presumably because of the reducing environment 
there (Summers and Knowies, 1989) and consequently is 



CHAPS 





m ..... 

FlC. 6. Protease protection experiment. Mutants hLcL hLcQ 
hLcAQ.2, hUAQ.3. WT-XN. and 20- VAL were analyzed for trans- 
location of alkaline phosphatase to the periplasmic space. Cells were 
tractionated with lysozyme and EDTA then subjected to treatment 
with proteinase K with or without the detergent CHAPS as described 
under "Materials and Methods." Periplasmicallv -oriented alkaline 
P ho f hatase is resiscant to procease in the presence or absence of 
CHAPS, whereas cytoplasmic alkaline phosphatase is resistant in the 
absence of CHAPS but susceptible when detergent is added. 

vulnerable to proteolytic attack. To distinguish between these 
two different orientations experimentally, cells are created 
with lysozyme and EDTA to disrupt che'ceil wall and outer 
membrane. Then proteinase K is added with or without the 
detergent CHAPS which permeabilizes the inner membrane, 
allowing :he protease access to the cytoplasm. Cvtoplasmi- 
cally oriented alkaline phosphatase should be protected from 
proteinase K by the inner membrane but susceptible when 
detergent is added. Conversely, periplasmicallv oriented al- 
kaline phosphatase should be resistant to protease in both 
the presence and absence of detergent. 

Fig. 6 shows the results from this experiment. All the 
cleavage region mutants fail to be degraded by proteinase K 
whether or not CHAPS is present, indicating thac they have 
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been successfully translocated to the periplasmic side of the 
membrane. As a control, we confirmed that an alkaline phos- 
phatase signal peptide mutant (20-VAL), which is known to 
remain in the cytoplasm as an uncleaved precursor (Chou and 
Kendall, 1990), is susceptible to proteolysis when detergent is 
present (Fig. 6, 20-VAL). 

These results demonstrate that although mutants hLcL, 
hLcQ, and hLcAQ.3 are defective in processing and release 
into the periplasm, they are competent to translocate alkaline 
phosphatase across the inner membrane. This conclusion was 
further corroborated by plating these mutants on agar con- 
taining the chromogenic alkaline phosphatase substrate 
BCIP. Under conditions inducing alkaline phosphatase 
expression, all the cleavage mutants generated blue colonies 
indistinguishable from wild type. Because only mutants that 
have been successfully translocated toward the periplasmic 
space are enzymatically active (Boyd et at, 1987), this finding 
provides additional confirmation that these mutants can sup- 
port transfer across the bi layer. 

DISCUSSION 

In this paper we have tested the limits of hydrophobicity, 
conformation, and steric constraints in the prokaryotic cleav- 
age region that can support protein translocation, processing, 
and export. This was done by designing model cleavage re- 
gions that meet the important criteria for formation of par- 
ticular secondary structures and epitomize other desired phys- 
ical properties. By analyzing the transport competence of 
these simplified, idealized sequences, we have demonstrated 
that efficient export does not depend on the conformational 
preference of the cleavage region. Model seque'nces designed 
to optimize either a .J-turn or an a-helical conformation in 
the cleavage region functioned as efficiently as wild type. 
Furthermore, the presence of a proline residue between the 
core and cleavage region, although common in natural se- 
quences, is not essential for transport. Cleavage regions of 
varying hydrophobicities can mediate translocation across the 
inner membrane but do not permit processing and transport 
into the periplasmic space if they violate the -3, -1 rule. 

It has previously been suggested on the basis of Chou- 
Fasman predictive analysis that the cleavage region forms a 
0-turn which is required for export (Perlman and Haivorson, 
1983; Vlasuk et ai, 1984; Duffaud and Tnouye, 1988). Our 
work has tested this hypothesis by incorporating conforma- 
tional^ characterized model sequences into the cleavage re- 
gion of E. coli alkaline phosphatase. The equivalent export 
efficiency of a sequence known to have strong tf- turn character 
and a series of a-helical sequences demonstrates that the 
structural potential of the cleavage region is not a critical 
determinant of transport function. To be sure, there is no 
way to state unequivocally that the sequences examined in 
this study in fact form the predicted structures in vivo. Sec- 
ondary structure is highly dependent on the surroundings; a 
particular conformation which has been characterized in iso- 
lation may not adopt the same structure when inserted into a 
new context. Indeed, identical pentapeptides can assume to- 
tally different conformations depending on their amino acid 
environment (Kabsch and Sander, 1984). In addition, protein 
transport is a dynamic process almost certainly involving the 
signal in multiple conformational changes as well as interac- 
tions with different environments (Briggs and Gierasch. 
1986). These factors in themselves may profoundly influence 
the signal peptide's repetoire of functionally relevant second- 
ary structures. Nevertheless, it is notable that the d-turn 
peptide and some of the helical sequences used here display 
remarkable conformational stability under a variety of con- 



ditions as determined by physical studies (Auer a 
1966a, 1966b; Ferretti and Paolillo, 1969; Dyson ef 
In fact, the intrinsic tendency to adopt the observe 
mations is so high for some of these sequences, it 
suggested that they may form them preferential 
different flanking amino acid environments (Dvsr 
1988; Marqusee et ai, 1989). 

These studies have also demonstrated no tunc:, 
quirement for a proline residue in the cleavage region, 
is commonly found at the boundary between the < 
cleavage region in natural prokaryotic signal sequen 
Heijne, 1986b), and previous studies in prokaryotic 
including alkaline phosphatase, have shown that an 
proline substitution in wild type cleavage regions 
precursor processing (Koshland et ai, 1982; Kuhn ai 
ner, 1985; Kadonaga et ai, 1985; Kendall et ai, if 
translocation (Kendall et ai, 1990). Rather than 
changes in conformational preference, this effect m. 
simply from changes in hydrophobicity resulting from 
ment of proline by different residues. In our present 
the replacement of proline with alanine, a residue com 
in hydrophobicity (reviewed in von Heijne. 1985b), p 
processing and transport efficiency. Thus proline, wh 
raon in naturally occurring cleavage regions, does not 
be a required component of an idealized prokaryot: 
peptide sequence. 

Proline is also found frequently in eukaryotic 
regions (von Heijne, 1986b). Two recent studies ha\ 
that the presence and position of proline in the 
region can affect the processing and transport of 
pret Apro)apolipoprotein A-II in vitro (Nothwehr and 
1989) and the secretion of human lysozyme in yeas; 
chicken-derived signal sequence (Yamamoto et ai, 19 
greater apparent importance of proline in these suu 
reflect the vastly different systems employed. There 
nificant distinctions between the characteristics of eu. 
versus prokaryotic signal peptides (Watson. 1984; vo: 
and Abrahmsen, 1989) as well as growing evidence 
initial events in the export process may differ in e; 
(Summers et ai, 1989). In addition, these results n 
reflect the types of mutations examined. Individual 
substitutions influence a number of physical variar 
their effects may derive from complicating steric ar 
tural influences from different neighboring residues 
etai, 1990). 

Cleavage and release does demand the presence 
side chains at positions -3 and -1 as predicted by vo 
(1984). Comparison of mutants hLcAQ.l, AQ.i, ar 
which have the same amino acid composition, hydrop: 
and expected conformational preference, shows that 
cleavage and export depends on the availability of c 
small amino acids spaced one residue apart. How 
addition to this configuration, other parameters are 
to define the preferred cleavage site, as demonstrate- 
polyaianine mutant hLcA. Although presenting sign; 
dase with multiple pairs of alanines, this mutant was 
only at the wild type site. This result indicates that ac 
factors such as distance from the end of the core n. 
well as characteristics of the mature amino termin 1 
also participate in determining the exact choice of 
site (von Heijne, 1984). The physical dimensions and 
ity of the bilayer and the disposition of signal pepi 
the membrane are also likely to constrain which b< 
available for cleavage in vivo. 

While the results presented above demonstrate ' 
amino acids at positions —3 and — I are strongly cons 
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